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EXECUTIVE SUMMARY

This report presents successful ways to use biogeochemical characterization data to opti-
mize sediment site assessment and management. Appropriate data will help risk accessors
and managers guide, define, negotiate, and comply with current regulatory and U.S. Navy
guidance, as well as achieve cost reduction and more effective remedies. In most cases, this
report is consistent with the recently published U.S. Environmental Protection Agency (EPA)
"Principles for Managing Contaminated Sediment Risks at Hazardous Waste Sites" (U.S.
EPA, 2002). Sections of this guidance should help manage sediments in line with these
principles. As with every issue that is complex in regulatory and technical terms, all steps of
the process should be designed and carried out in close collaboration and communication
with all parties. This report highlights many successful aspects of contaminated sediment
assessment and management. It provides site owners with examples of how to use site-
specific data to compare site, background, and regional sediment signatures to address risk,
determine responsibility for inputs, rank sites, and prioritize management; to help bridge the
gap between remedial investigations and feasibility studies; and to provide site owners with
the tools to rapidly determine what sediment management approaches are feasible for
contaminated sediments at their sites-and to use site data to evaluate, communicate, and
negotiate management choices. The approach of this report is to highlight some major uses
for data on contaminant/sediment geochemical interactions in the assessment and manage-
ment of contaminated sediments. It is not an exhaustive review of all potentialities, but it
does provide many examples, case studies, and standard operating procedures (SOPs) that
should aid Remedial Project Managers (RPMs), risk assessors, and managers in using site
data to evaluate, negotiate, and select management strategies.

This report is organized into four sections, a reference list, and two appendices. The report
also provides hyperlinks to relevant Web sites and documents.

Section 1, Introduction, presents general issues regarding contaminated marine sediments
and a brief introduction to some critical factors in sediment assessment and management.

Section 2, Maximizing Data Use for Contaminated Sediment Assessment and
Management, discusses many approaches to sediment data use that can help streamline the
sediment assessment and management process.

Section 3, Biogeochemical Characterization within the U.S. Navy Ecological Risk
Assessment Framework, highlights some major uses for data on contaminant/sediment
geochemical interactions in the assessment and management of contaminated sediments
within the U. S. Navy's tiered approach. Case studies and examples illustrate various
approaches and techniques.

Section 4, Use of Sediment Data in the Evaluation of Remedial Options, discusses how
site-specific sediment/contaminant distribution data can help evaluate the potential risks and
benefits of various remedial options, spanning the continuum from No Further Action (NFA)
to In-Place Remedies to active removal and treatment. Several case studies, examples, and
SOPs are presented.

The Reference section provides references and Web site addresses for information
provided in the cited document.
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Appendix A, Sediment Characterization Standard Operating Procedures, provides step-
by-step procedures to address various issues such as Mass Allocation of Sediment and
Contaminant, Potential Effects of Long-Term Mixing on COPC Concentrations, Size
Fraction Contributions to Bulk Metal Concentration, and the Effect of Pre-Treatment on
Overall Treatment Cost.

Appendix B, Sediment Characterization Flowcharts, provides a question and answer guide
to using data to address various aspects of the ERA process.
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1. INTRODUCTION TO CONTAMINATED SEDIMENT ISSUES

1.1 MAGNITUDE OF THE PROBLEM

Sediments are the ultimate receptors of contaminants in effluent from urban, agricultural,
industrial and recreational activities. Many sites have some level of contamination from
anthropogenic sources. As sediment sites fall under increasing scrutiny, the number of sites
that will need ecological risk assessment, and potentially, management, will probably
increase. Determining the magnitude, nationally, of sediment problems can be difficult for a
many reasons. Sediment sites are often not separated from other sites in organizational
environmental databases, and these environmental data are often kept in different places,
depending on the funding source, regulatory structure, the potentially responsible party (PRP)
and site definition (e.g., construction, dredging, hotspot, National Priority List (NPL), etc.).
Data searches also often fail because the term "sediment" has many definitions, depending on
the user (e.g., sludge, soil, aquifer material, bottom sediments). Because sediment sites are
usually on larger, industrial rivers and coastal areas, the extent of data coverage is limited.
Most national inventories and surveys on the status of contaminated sediments, provide
insight into only the edge of the problem. They report contaminants at the sediment surface,
which are immediately available to benthic organisms, but little information exists to predict
the three-dimensional extent of contaminant plumes, making even order of magnitude esti-
mates of volumes and removal, containment, or treatment costs, tenuous.

Despite these complexities, a recent United States Environmental Protection Agency (U.S.
EPA) report (U.S. EPA, 1998) identified 96 watersheds in the United States as having areas
of probable concern for sediment contamination. For the U.S. Navy alone, it is estimated that
contaminated sediment sites cleanup costs will be >$500 M, possibly much higher. There are
110 facilities with identified sediment contamination, and 48 facilities with high relative risk,
according to the Naval Facilities Engineering Command (NAVFAC) Normalization of Data
system (NORM) database. Principal contaminants are metals, volatile organic analytes
(VOAs), pesticides, polycyclic aromatic hydrocarbons (PAHs), and polychlorinated
biphenyls (PCBs), often in mixtures.

Unless in-place management technologies gain acceptance, contaminated sediments will be
removed, and then contained or treated. Despite current uncertainties about the risks and
benefits of such an approach, the costs can be prohibitive, draining cleanup budgets. Esti-
mated costs for such presumptive remedies will cost billions of dollars for the U. S. Navy
alone (e.g., >$IOOM for 110 acres at Naval Air Station (NAS) Alameda, Seaplane Lagoon;
>$200M for 1 M yd2 at Long Beach Naval Complex). Nationally, the costs are also
enormous. Given volumes of sediment potentially involved nationally and a median cost of
remedial dredging of $250/yd2, one organization3 has estimated the cost to remove such
sediments nationally as in excess of $5 trillion. To manage these costs, contaminated
sediment sites should be assessed, ranked, ranked, and prioritized, and cost-effective
management strategies developed. The management process should seek to balance two
parallel goals:

I e.g., hittp:ii www. epa.egx)oviOSTics/congress. htnl
2 Chief of Naval Operations (CNO). 1999. "Navy Policy for Conducting Ecological Risk Assessments,"

Ser N453E9U595355, Washington, DC.
3 Sediment Management Work Group. 1999. "Contaminated Sediment Management Technical Papers,"
htp:i/,wwxw.siuwmeorgiindex.htin



(1) minimizing contaminant risk to the environment and human health, and (2) minimizing
cost (National Research Council [NRC], 1997).

1.2 DEFINITION OF TERMS

For clarity, a few terms will be defined because they can have different meanings depend-
ing on the background of the practitioner using them. The U.S. EPA defines contaminated
sediments as "soils, sand and organic matter or minerals that accumulate on the bottom of a
water body and contain toxic or hazardous materials that may adversely affect human health
or the environment" (U.S. EPA, 1998). This definition makes no statement about the
mechanism of contamination. Thus, while many sediments are contaminated as the result of
anthropogenic activity, sediments can also be defined as contaminated even if contaminants
exist due to natural processes. In this report, sediment assessment is defined as the process
used to characterize sediment for a given purpose (e.g., evaluations for risks to environmental
health, dredged disposal, land farming, habitat construction, etc.). Sediment management is
defined as the process of making decisions and taking actions on sediments, considering a
wide range of factors. Sediment management strategies or options can be defined as the range
of actions that can be taken once risks have been assessed and risk managers have balanced
those risks against various objectives and goals. These actions range from no action (either
because risks do not exist or are not controllable) or institutional controls to more aggressive
containments, treatments, or removal actions. Another important term used is Conceptual Site
Model (CSM, e.g., American Society for Testing and Materials [ASTM], 1995; Apitz et al.,
2002; 2005a). CSM can be defined as a three-dimensional description (either qualitative or
quantitative or a mixture of both) of a site and its environment, which defines what is known
(or suspected) about the contaminant source area(s) and physical, chemical, and biological
processes that affect contaminant transport from the source(s) through environmental media
to potential environmental receptors. Recognized as an important communication tool to
facilitate stakeholder discussions and the decision-making process, CSMs are being used with
greater frequency by state and federal agencies in the U.S. to aid in making sediment
assessments a more focused effort, requiring only those data necessary to meet the goal(s) of
the assessment strategy and objectives 4 (Wenning and Ingersoll, 2002). The CSM should be
continuously evaluated and refined as data become available, and, as the level of uncertainty
associated with the CSM decreases, it should help identify data gaps and target additional
investigations.

1.3 UNIQUENESS AND COMPLEXITY OF SEDIMENT SYSTEMS

Sediment investigations have many unique features that make them more difficult to
manage than soil or terrestrial investigations. They integrate contaminant input from multiple
sources within a watershed, creating difficulties in tracking sources of contamination. This
integration also leads to ubiquitous, regional "background" levels of anthropogenic contami-
nants that are difficult to separate from site-specific sources. For the same reason, multiple
contaminants (or chemicals or constituents) of potential concern (COPCs) impact sediments
much more often than soils, making risk and management decisions complex. The hydro-
dynamics and geochemistry of sediment systems are also quite different than those of soil
systems. While soils and groundwaters are often geographically removed from the receptors
to be protected, sediments are in direct contact with the benthic community, near the base of

4 U.S. EPA. 2001. "Draft Report on the Incidence and Severity of Sediment Contamination in Surface
Waters of the United States, National Sediment Quality Survey," EPA-823-F-) 1-031, Washington, DC.
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the aquatic food chain. Thus, remedial strategies can directly impact sensitive biota, and
cleanup targets can be orders of magnitude lower than those in most soil sites, pushing the
limits of assessment and cleanup technologies and increasing costs significantly over what
may be needed for soils.

Because of these complexities, effectively managing contaminated sediments must be
highly interdisciplinary. Chemistry, biology, ecology, hydrodynamics, and engineering must
be considered and balanced. Good science alone does not yield good management-science
must be linked with regulatory framework, politics, engineering, economics, public relations,
and policy (site owner, federal and regional). While most soil cleanups are based on human
health risk assessments, most sediment studies begin with ecological risk assessments. Sedi-
ments are subject to a multitude of regulatory criteria, from local to national and internation-
al. According to NRC (1997), "The mechanisms of the regulatory process in a given situation
depend on where the sediments are located; where they will be placed; the nature and extent
of the contamination; and whether the purpose of removing or manipulating the sediment is
navigation dredging, environmental cleanup, site development or waste management." As a
result, multiple regulators or stakeholders may have different goals, cleanup criteria, or
contaminants of concern, which drive their part of a site management decision.

Nationally, sediment management issues are highly politicized and newsworthy. Not
surprisingly, given the complex environmental issues and the enormous potential costs in
some regions, the decision process can be very adversarial. On the other hand, in other
regions, sediment sites are managed with few problems. Despite this inconsistency, a
consistent approach is not generally applied to sediments at different sites (with some notable
exceptions). Approaches to contaminated sediments are in flux. Less than a decade ago,
regulators (and most potentially responsible parties [PRPs]) thought that removal and
treatment of contaminated sediments would be the remedy of choice; therefore, most
sediment-related research and development (R&D) pursued technologies to support such an
approach. However, based on potential volumes and projected treatment costs, estimated
potential costs of the indiscriminate use of such an approach nationally are prohibitive. Thus.,
many (though not all) groups predict or advocate that large volumes of contaminated
sediments will be managed in place. Clearly, the critical issue is how to determine what
volumes of sediment actually require management, and for those that do, what is the most
cost-effective but responsible approach. Large gaps in our knowledge of the fate of contami-
nants in place and the effects of in place and ex situ remedial strategies must be filled if
management strategies are to be compared and chosen wisely.

1.4 THE NEED FOR SITE-SPECIFIC DATA IN SEDIMENT MANAGEMENT

The U.S. Navy, the U.S. EPA, and others are developing extensive sediment policy and
guidance. Though various national and international sediment assessment and management
frameworks, matrices, and flowcharts have existed for decades, sediment management
remains complex and contentious for many reasons. First, our scientific understanding of the
fundamental processes that control contaminant fate and behavior, from the simplest level
such as contaminant/sediment/porewater interactions to the highest levels, such as ecosystem
impact, is inadequate. The literature is rife with attempts to model contaminant behavior
(e.g., flux, toxicity, or bioaccumulation) based on simple assumptions about specific sedi
ment characteristics. In general, these attempts to find controlling parameters succeed for
single sites, but do not extrapolate across disparate sites--contaminants behave differently in
different environments (Chadwick et al., 2002; Rockne et al., 2002). Given this complexity, it
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is impossible to predict the absolute risk of a given mix of anthropogenic contaminants on an
ecosystem or human health without extensive site-specific analyses. The methodologies used
to infer these processes in site assessments (e.g., sediment quality guidelines [SQGs], toxicity
assays, and food chain models) are based on many assumptions and simplifications. For all
but the simplest sites, anthropogenic contaminants can behave in sediments in complex and
unpredictable ways, resulting in exceptions to the simple "rules of thumb" used to develop
flowcharts, criteria, and guidelines. Thus, to make informed, effective sediment management
decisions, site managers must use site-specific information, consider multiple lines of
evidence, and communicate and negotiate using the best data available.

However, while resolving these uncertainties, it is critical that we proceed with the best
practices available to assess, rank, prioritize, and begin to manage contaminated sediments.
As NRC (2001) stated in their report on the management of PCB-contaminated sediments,
"Management decisions must be made, even if information is imperfect." Site assessment and
ecological risk assessment (ERA) provide the best possible data on what the risks are at a
given site in absolute and relative terms. The risk managers (in the form of RPMs, regulators,
stakeholders, and their support personnel) evaluate if that risk is acceptable and/or manage-
able. Contaminated sediment management is complex and multivariate, involving a careful
balance of science, politics, and economics. As is true for most complex issues, a single
correct way to address a problem does not exist, but depends on the ecological, political, and
economic goals of all interested parties. In such complex systems, "truth" is non-existent, just
an attempt to balance knowledge, uncertainty, and policy to make decisions that are negoti-
ated with the information available. Factors in sediment assessment and management are so
varied that no guidance or flowchart can anticipate every permutation. Thus, it is always
necessary to (1) use professional judgment, and (2) to negotiate. Site-specific data accomp-
lish this goal most effectively. Understanding of site-specific contaminant/sediment geo-
chemical interactions and using these data in decision-making and negotiation are among the
many tools that allow the U.S. Navy to address these issues more effectively.

In this introduction, aspects of assessing and managing sediments are discussed, as well as
sediment management goals that drive (or should drive) these goals. Data on contaminant/
sediment biogeochemical characteristics help guide, define, negotiate, and comply with these
goals. In most cases, this report is consistent with the recently published U.S. EPA "Princi-
ples for Managing Contaminated Sediment.Risks at Hazardous Waste Sites" (U.S. EPA,
2002), and sections of this guidance should help risk assessors and managers manage sedi-
ments in line with these principles. As with every issue that is complex in regulatory and
technical terms, all steps of the process should be designed and conducted in close collabora-
tion and communication with all parties. This report highlights many successful aspects of
contaminated sediment assessment and management. It also provides site owners with
examples of how to use site-specific data to compare site, background, and regional sediment
signatures to address risk, determine responsibility for inputs, rank sites, and prioritize
management; to help bridge the gap between remedial investigations and feasibility studies in
a meaningful way; and to provide site owners with the tools to rapidly determine what sedi-
ment management approaches are feasible for contaminated sediments at their sites-and to
use site data to evaluate, communicate, and negotiate management choices. This report also
highlights some major uses for data on contaminant/sediment geochemical interactions in the
assessment and management of contaminated sediments. It is not an exhaustive review of all
potentialities, yet it does provide many examples, case studies, and SOPs that should aid
RPMs, risk assessors, and managers in using site data to evaluate, negotiate, and select
management strategies (Tables I and 2). While these examples and case studies are largely
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derived from data at actual sites, data or approaches have been modified to enhance their
illustrative use. The case studies are intended to illustrate the use of data for a particular
purpose, and are not necessarily relevant to any particular site, and should not be used in
that context.

Table 1. Sediment characterization case studies.

CS# Title Section Scenario Data COPCsSet

1 Application of 2.4 Impact of applying different SQGS in Site 3 PCBs, Cu,
Various SQGs evaluating risk or delineating OUS Zn, Pb

Separation of Site Use of morphological Lines-of-
2 and Background 2.6 Evidence to separate site and Site 4 Cu

Levels background levels

3 Metals Background 3.2.1 Background considerations for metal Site 1 Cu, PbCOPCs (cross plots)

3a Metals Background 3.2.1 Lines-of-Evidence (flux, grain size) Site 1 Cuaddendum

4 Organics 3.2.1 Background considerations for organic Site 2 PCBs
Background COPCs (HQ, cross plots, signatures)

Detection frequency of COPCs (HQ, Pb, Zn,5 Detection Frequency 3.2.2 OUdvso)Site 2 CC
OU division) Cd, Cr

6 Metals LOE 3.4 Metals COPC Lines-of-Evidence (flux, Site 2 Pbbioaccumulation, size fraction)

7 Organics LOE 3.4 PAH COPC Lines-of-Evidence (size Site 2 PAHfraction distribution, signatures)

Intepreatio ofPAHs,Interpretation of Evaluation of organic mass distribution Site 2 PCBs,
8 Contaminant Mass 4.1 t drs aaeetgasSt Cs

Distribution to address management goals DDT

9 Mixing Scenarios 4.3 Metals: Erosional events (depth Site 3 Cu
profiles, OU, mixing)

10 Monitored Natural 4.3 PAHs: Biodegradation of PAHs Site 2 PAH, Pb,
Recovery (before and after) Zn, Cd, Cr

11 Pretreatment Cost 4.6 Cost implications of size separation Site 3 Cu

Evaluation pretreatment
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Table 2. Sediment characterization examples.

Ex# Title Section Scenario Data Set COPCs

Differences in data processing and
interpretation:

1 Impact of processing 2.3 Site 2 Pb
data PB results contoured (1) without

bias, (2) by ER-L and (3) by ER-M

Selection of Concentrations of organic

2 Appropriate 2.4 contaminants in OU sediments Site 2 OrganicsSediment compared to potential benchmark
Benchmarks values

Use of Equivalent Risk evaluation and site prioritization
Datasets 2.5 based upon inappropriate data Site 2 Cr

comparisons

Average Crustal Comparison of various sediment
Abundance quality benchmarks to the average General Metals

crustal abundance for seven metals

Total PAH (tPAH) summations of
Total PAH 2.5 different data sets from the same Site 2 PAHs
Summations site compared to ER-L and ER-M

benchmarks

Method Detection Variations in contaminant
6 Limits 2.5 distribution contours for data Site 2 Organicsreported as sums of analytes

Because countless variables must be considered in a sediment assessment and management
decision, it is impossible to write a guide or flowchart to anticipate every scenario, or to
provide an acceptable "black-box" decision matrix. What complicates sediment management
are the intricate ways that contaminants can behave, in short, contaminant/sediment geo-
chemical interactions. Essentially, this project has endeavored to demonstrate how an
understanding and intelligent use of data on these interactions can aid in cost-effective sedi-
ment management. These issues were largely ignored (except by rare and expensive experts)
a few years ago, and now they are routinely addressed, allowing RPMs to be much more "in
control" at their sites.

1.5 CATEGORIES OF SEDIMENT MANAGEMENT

While every rule has exceptions, the field of contaminated sediment management can be
divided into two general categories, largely defined by the purpose for which they are exam-
ined. The first, construction or navigational dredging generally involves the assessment and
removal of large volumes of sediment. In many cases, these sediments have lower contami-
nant levels, or contaminants reside in areas considered of lower ecological significance than
"hotspot" sediments and, thus, they would not generally be the subjects of immediate envi-
ronmental investigation if they were not the target of a dredging operation. Of course, in
areas with high levels of historical contamination, or sites with significant ongoing
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contaminant input, these sites may have high levels of contamination that cannot be managed
until sources are controlled or resources are available. Because removal is a given in this
aspect of sediment management (unless environmental or economical problems bar it),
assessment addresses the risks of resuspension through dredging, disposal, beneficial uses,
and/or treatment options. While some information in this report may assist in a standard
assessment where removal is a given (i.e., for construction dredging, etc.), in general,
guidance and policy are clearly laid out for this situation, and this category of sediment
management is not the focus of this report.

The second type of sediment management, hotspot or environmental cleanup of contami-
nated sediments, generally addresses smaller volumes of sediment, though there are notable
exceptions. The sediments addressed for this purpose may have much higher contaminant
levels than sediments managed for navigation and construction dredging; they may reside in
areas of ecological significance or they may contain substances of particular concern (e.g.,
bioaccumulative substances), prompting immediate investigation and/or management. These
sediments become the target of investigation when a spill, survey, toxic effect, or historical
record flags them as potentially posing a risk to human health, fisheries, or the environment.
For the U.S. Navy, programs such as Base Realignment and Closure (BRAC), etc., can also
cause a site to be targeted for examination. Assessment of such sediments can focus on
absolute and relative risk, as well as risks of in-place versus removal options.

Primarily because of the large influence of the dredging community on sediment assess-
ment and management in North America (Power and Chapman, 1992), until recently, most
sediment management approaches and research focused primarily on ex situ sediment treat-
ment and disposal options rather than on in-place management and risks. Essentially, one can
argue that the tools developed for environmental assessment and management of sediments
were derived from dredging and disposal. However, due to the large volumes of sediment
managed in recent years, many (though not all) groups predict or advocate that large volumes
of contaminated sediment will be managed in place (unless dredging is the driver), largely
because of the potential costs involved. Thus, sediment frameworks and research are evolv-
ing to match these specific objectives, leading to improved approaches for site assessment to
delineate contamination and better use of site data to frame management decisions.

Many factors, scientific and non-scientific, must be addressed in sediment assessment and
management. Science factors, which define and are guided by the CSM, include sediment
type (grain size, percent, and quality organic carbon [OC], mineralogy, etc.) receptors of
concern, exposure routes, contaminant type(s), water type (marine, fresh, brackish), physical
dynamics (deposition, erosion, tidal cycles, wave action), and the proportion of contaminated
sediment to uncontaminated sediment. Non-science factors (which define and are guided by
the management goals) include management objectives, regulatory framework, protection
goals, public interest(s), resources (financial and technical), economic implications of any
action, perceived risk, "cuteness coefficient" (whether or not charismatic animals are poten-
tially at risk), and time factors. A summary of approaches for addressing many issues is in
Apitz et al. (2002) and its references. This report addresses how data on sediment/contami-
nant geochemical signatures and interactions can be used to address many of these issues.

The U.S. Navy policy, regulatory frameworks, and technical communities that address
these two sediment categories are separate, with little or ineffective interaction. Assumptions.
methods, and frameworks designed to address one category may be inappropriate for the
other. However, note that sediment characteristics remain the same regardless of the manage-
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ment goals interested parties may apply to them, and that the only real differences lie in the
evaluation and management, not in the sediments themselves.

1.6 SEDIMENT MANAGEMENT STRATEGIES OR OPTIONS

Sediment management strategies fall into five broad categories that are selected based on
an evaluation of site specific risks and goals: (1) no action, which is only appropriately
applied if it is determined that sediments pose no risk; (2) monitored natural recovery, based
on the assumption that while sediments pose some risk, it is low enough that natural process-
es can reduce risk over time in a reasonably safe manner; (3) in situ containment, in which
sediment contaminants are in some manner isolated from target organisms, though the
sediments are left in place; (4) in situ treatment; and (5) dredging or excavation (followed by
ex situ treatment, disposal, and/or reuse). The information required to evaluate or compare
each option is fundamentally different, and any assessment should be designed to evaluate
and support management goals and potential remedial options. U.S. EPA guidelines suggest
that "All remedies that may potentially meet the removal or remedial action objectives...
should be evaluated prior to selecting the remedy" (U.S. EPA OSWER, 2002 ), careful
planning is necessary to ensure that sampling and analysis plans are designed to address these
disparate needs in a meaningful and comparable way.

1.7 TYPES OF SEDIMENT ASSESSMENT

Sediment assessment frameworks can exist on a continuum, from specific decision trees
designed to select dredge disposal options to custom ERA designed to assess risk and select
an environmental management strategy. As with sediment management, a review of sediment
assessment frameworks from jurisdictions active in sediment management throughout the
world (Apitz and Power, 2002) revealed that when organized by their management objec-
tives, two main categories emerge: dredged disposal and environmental assessment and
management (e.g., general assessment of environmental quality and more focused assessment
of contaminated sites with sediment issues). In addition to environmental assessment/
management guidance tailored for sediments, which is very often risk-based, many generic
ecological risk frameworks are applied to sediment issues on a site-specific basis.

Due to their narrow focus, frameworks designed for assessing dredge disposal options are
relatively inflexible, but are relatively simple to use because they provide specific guidance.
The experience level required to conduct such an assessment can be less than that required
for sediment assessments for other purposes. In contrast, sediment assessment frameworks
designed to support environmental management strategies can be highly flexible and quite
complex. As a result, they tend to have elaborate guidance or provide general, flexible
guidance. In either case, they usually require a high level of experience to perform success-
fully, particularly when they are linked to sediment remediation planning.

1.8 RISK

An important element of a sediment assessment process is the application of the ERA
framework and approach that assesses the probability that exposure to one or more stressors
(i.e., contaminants) will lead to adverse ecological effects (U.S. EPA, 1997). The assessment
provides information relevant to the management decision-making process. Ideally, ERAs
should be scientifically based, defensible, cost-effective, and protective of human health and
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the environment5 . The complexity and heterogeneity of aquatic ecosystems often hinders the
collection of data necessary to support cost-effective decisions at sediment sites. Detailed site
investigations require extensive sampling and subsequent laboratory analyses for metal and
organic contaminants. This approach can be prohibitively costly, slow, and labor-intensive if
not conducted in a tiered fashion. As such, the ERA framework will be useful to designing
effective data collection plans and the use of that data in the decision-making process.

A "classical" ecologist's definition of ecological risk assessment (ecorisk) is the product of
the magnitude of the adverse ecological effects (hazard) and the probability of adverse
ecological risk (exposure). Simply, even the most toxic material does not pose risk if no
exposure pathway to an organism exists, but if an organism will probably be exposed to
toxics frequently or for an extended time, even relatively less-toxic materials can pose
significant risk. However, many types of risk exist, and what is evaluated depends on the
goals and the CSM. A few examples are absolute ecorisk (i.e., "Does sediment x put species
y at risk?"), site-specific risk (e.g., "What is the risk of sediment x relative to regional or
background risk?"), manageable risk (i.e., "Can this risk be controlled?"), and management
option risk (e.g., "What is the risk of leaving sediments in place versus disturbing them?").
Data on sediment/contaminant signatures and interactions can be used to ensure that assess-
ment and management frameworks (which are essentially risk-based) can address absolute
risk to a specific target organism or community, to rank sediments within a region, to
compare site-specific and regional or background risk, or to select and evaluate management
strategies.

1.9 CRITICAL FACTORS IN SEDIMENT ASSESSMENT AND MANAGEMENT

1.9.1 Sediment Quality Guidelines
An important tool in many sediment assessment frameworks is the use of sediment quality

guidelines (SQGs), also known as action levels, criteria, standards, trigger values, or
screening values. "Sediment numbers" have been developed in many jurisdictions for both
categories of sediment management described in this report (compilations in Environmental
Consultants (EVS), 1998; Chapman, Allard, and Vigers, 1999). In most frameworks
reviewed, they are not designed for use as disposal or cleanup criteria. However, sediment
guidelines and their derivation methods are still controversial, and their appropriateness
should be carefully evaluated in terms of site management goals, study questions, and the
CSM. Two recent documents that address the use of SQGs and weight-of-evidence frame-
works are Chapman et al. (2001) and Batley et al. (2002). A recent Pellston workshop
addressed this issue. A summary of workshop conclusions is available at the following URL:
http://www.setac.org/pubsws.html. One major conclusion was that site-specific information
and multiple lines of evidence are required to make most management decisions. In
summary, while SQGs are useful for flagging potentially toxic contaminant levels in sedi-
ments, and can thus indicate which sediments may be of no concern and those that merit a
closer look, site-specific considerations and biological analyses should be used to develop
remedial goals at a site. This report addresses many of these site-specific considerations and
their application (see Section 2.4 for a more detailed discussion).

5 Chief of Naval Operations (CNO). 1999. "Navy Policy for Conducting Ecological Risk Assessments,"
Ser N453E/9U595355, Washington, DC.
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1.9.2 References, Controls, and Background Levels

An important issue that must be addressed in a sediment management framework is how
one identifies reference sites and background contaminant levels. Reference areas can be
used to make comparisons among biological, chemical, or physical sediment data that might
be collected from an area under study. Lack of appropriate criteria for selecting the reference
areas may result in an inappropriate location selection and inappropriate sediment manage-
ment action. Identification of the reference site may depend on the remedial goals and
options, historical and existing conditions at the site, and the critical physical, chemical, and
biological parameters evaluated. An important part of defining reference conditions is
sediment biogeochemistry.

While absolute concentrations of contaminants in sediments are an important part of
assessing site sediments, these concentrations do not provide a full picture of what is
happening at the site. Organic and inorganic contaminants can exist in a region at back-
ground, ambient, or natural levels because they have natural sources or entire regions in
urbanized, industrialized, and other areas that are exposed to ubiquitous levels of anthropo-
genic input. In many cases, because such contaminants tend to associate with fine-grained
sediments, a general regional tendency is to have a "mixing curve" of contaminated fines,
and relatively uncontaminated coarse-grained sediments. Often, either ambient contaminant
levels or background natural levels, or a combination of both, can be separated from site-
specific levels by normalizing to or plotting against sediment characteristics that tend to
indicate natural metal-rich particles (e.g., Fe, Al) or fine-grained particles (e.g., Fe, Al,
%fines, %OC). While ambient or background levels of contaminants can be bioavailable, and
may cause ecological impact, they are almost impossible to manage on a site-specific basis-
cost and logistics make it improbable that an entire region will be remediated, and if specific
sites are remediated to below ambient levels, those sediments will probably be subject to
recontamination by background sediments. Thus, it is important at a given site to examine
contaminant distribution relative to regional, ambient, or background levels, and to select
reference sites with care (Apitz et al., 2002, and 2005a and b). This report discusses how data
on sediment/contaminant geochemical signatures and interactions can be used to address
these issues (see Section 2.6 for a more detailed discussion).
1.9.3 Pathways of Contaminant Transport

, Many dynamic pathways may contribute to contaminant transport and exposure at contam-

inated sediment sites. These pathways include the effects of bed transport, bioturbation,
diffusion and advection, resuspension and deposition, and transformation and degradation.
The relative rates of these processes help define the potential risk of in-place sediments, path-
ways of exposure that must be controlled, and potentially, mechanisms of natural recovery of
the sediment. A risk assessment that considers in-place management options must address all
these factors. An understanding of the relative importance of these processes at sites will
focus site conceptual models and help risk managers balance these processes to minimize risk
and, ideally, optimize recovery (Apitz and Chadwick, 1999; 2001). Such an evaluation
should provide sufficient information to support decisions about which sediments can
responsibly be managed in place, how aggressively they should be monitored or contained, or
whether they should be removed and managed ex situ. Sediment containment and disposal
options that can be considered under appropriate circumstances include landfills, confined
disposal facilities, in-place natural recovery, contained aquatic disposal, in situ capping, and
deep-ocean disposal. To evaluate these, sediment quality and risk must be compared to that
of target environments. If removal is a given for dredging purposes, in-place risk is less
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important than it would be for a hotspot site (although it might need mitigation), and
assessments may not focus on it. If removal is under evaluation, then risks of removal,
transport, treatment, and/or disposal in various environments must be evaluated.

1.9.4 Keys To Successful Sediment Management

Some keys to success in a sediment investigation (one in which data collection and
assessment are designed to technically support management decisions that fulfill environ-
mental, economic, and political goals) are as follows: (1) design sediment assessment to
match short-listed sediment management options; (2) develop a remedial investigation
(RI)/feasibility study (FS) as a series of building blocks held together by an overall tiered
framework; (3) ensure that decision-making is transparent and somewhat standardized, but
flexible enough to meet national/regional goals (i.e., which is in line with current organiza-
tional, regional, national, and international agreements and guidance); (4) build natural and
regional background concentrations, reference sites, and site-specific bioavailability consid-
erations into assessment; (5) wherever possible, ensure that source control is a primary
requirement before other management strategies are applied (this may not always be possible
on a watershed-wide basis); and (6) while sediment guidelines have an important role, they
should not be used as pass/fail values-but as triggers for further investigation. Site-specific
thresholds are much more useful.

Because sediments are highly mobile and do not respect property, national, or ecological
boundaries, wherever possible, assessment and management strategies should be applied on a
watershed or catchment basis, with sediments that are hydrologically linked, assessed,
ranked, prioritized, and managed on a regional basis. Implicit in such an approach are source
control and resource-sharing issues that will require inter-organizational cooperation. While
the focus and driver of a study may be a specific site, it will ultimately be more cost-effective
to consider together, at least at some minimal level, the entire lifecycle of sediments and their
associated contaminants within a catchment, from source to ultimate sink. Therefore,
sediment management strategies should be considered in the wider context of sustainable
sediment management from beginning to end. To ensure that the sediment studies will be
appropriate for a particular set of management goals, it is important that any sediment
assessment and management study developed is consistent with all regulatory frameworks
that may impact it. Lastly, because sediments can preserve contaminants long after sources
have been controlled, and can ultimately be a source of those contaminants to the environ-
ment, sediment management is an important part of meeting ecological goals, and these goals
may thus affect the management objectives of the U.S. Navy throughout their activities.

It is important that early in sediment RI/FS design that all interested parties define their
management goals for sediment and that these goals (along with regulatory and U.S. Navy
policy) drive investigation design, leading to efficient sediment assessment and management.
A review of worldwide sediment assessment and management frameworks and case studies
makes it clear that any study not built around a CSM or not focused on or defined by
management goals runs the risk of being open-ended, iterative, expensive, and inconclusive.
In complex, multivariate natural systems, no amount of data can provide an answer unless a
question has been defined. It will thus be important for site managers and stakeholders to
review and define regional sediment practices, ecological priorities, and objectives (at local
and at higher levels) before designing sediment assessment and management strategies and
the tools used to support them.
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2. MAXIMIZING DATA USE FOR CONTAMINATED SEDIMENT
ASSESSMENT AND MANAGEMENT

Frequently, original site assessment data are collected without input from the eventual
modelers, decision-makers, and risk managers on data needs. Because sediment risk
assessments have often started with no clear idea of where along the continuum site
management would end, data were often collected in an iterative manner. A minor extra
investment to ensure that samples and data collected will serve the needs and priorities of
multiple users or stakeholders can ensure broader use of data and help prevent multiple
sampling events, thus expediting site decisions at reduced cost. Once collected, it is critical
that data are summarized and communicated to address the concerns and priorities of all
stakeholders who will be part of the decision process (for examples of some approaches, see
Kirtay, Leather, and Apitz, 2000; Apitz, 1998; Apitz, 1999a and b). The following subsec-
tions provide several approaches to sediment data use that can help streamline the sediment
assessment and management process.

2.1 NEGOTIATE OBJECTIVES, DECISION CRITERIA, AND SITE CONCEPTUAL
MODELS UP FRONT

Data have frequently been collected without input or consensus from the full suite of
stakeholders. A stumbling block to efficient data use has been the inability to compile and
integrate or synthesize data, especially from multiple sources, in a uniform or mutually
agreeable manner. Another problem at times has been a lack of openness in the process,
resulting in distrust and extreme positions by some regulators, RPMs, and stakeholders.
Unless these issues are resolved up front, progress is improbable at a site. One major
observation of the National Research Council (1997) was that openness, communication, and
buy-in by all parties early in the process led to successful case studies. This process can be
difficult, given that different parties may have vastly different decision drivers, but if costs
are needlessly inflated by a failure to negotiate, all parties (barring, perhaps, cost-plus
consultants) can lose. PRPs can spend countless millions assessing and re-assessing the sites,
but in a world of limited budgets, this spending can also reduce the funds available for
ultimate remedial actions, possibly reducing remedial effectiveness.

2.2 DO NOT GENERATE NEW DATA WHERE DATA EXIST

Personnel turnover (by RPMs, regulators, and contractors) often leads to a desire to start
over, rather than to "mine" existing information or honor predecessors' commitments. This
turnover can lead to costly, iterative studies. Some stakeholders have a tendency to fall into
the "deep-pocket syndrome" in which PRPs are pressured to collect data that would other-
wise not be available but have no relevance to the decision process. Unless such an approach
is specifically and explicitly negotiated, or it is funded by complementary R&D dollars, data
collections that do not clearly support the remedial investigation and feasibility study (RI/FS)
are not justified. Examination of case studies reveals many cases in which sites were re-
studied iteratively over decades. Though different regulatory and assessment frameworks
have often been applied each time, little extra information has been gained from repeated
analyses that could not have been gleaned by a careful re-analysis of existing data. While
there are many reasons to seek more data at a site, a critical assessment should first be
performed on currently available data. Any further sampling plans should satisfy criteria
(which are essentially part of the DQO process; see http://enviro.nfesc.navv.milierb/ for
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documents and guidance on the DQO process in general): (1) Do these analyses fill existing
data gaps? (2) Are these data relevant to decision criteria? (3) How will the data be used?
(4) Have all stakeholders or decision-makers agreed on the need and use of these data?

2.3 STORE DATA IN UNPROCESSED FORM FOR FUTURE, UNANTICIPATED USE

While most site interpretation and negotiation will be based on highly processed data (i.e.,
graphs, statistical summaries, contour plots, etc.), it is important to also ensure that all data
collected are available in a relatively unprocessed, preferably digital form. This form allows
for the repeated use of data to address questions possibly unanticipated at its collection. For
instance, while total PAH (tPAH) numbers are needed to compare to potential sediment
quality criteria or benchmarks, the PAH fingerprints (the relative distribution of individual
PAHs) can provide a significant amount of information on source, background, weathering
patterns, potential toxicity, and the potential for natural attenuation. Thus, although generat-
ing tPAH numbers may be the primary purpose of an initial data collection, processing and
storing the more detailed distribution information allows for more detailed analysis, if
necessary, at a later date. The importance of this approach is demonstrated in several case
studies and examples (see Tables 1 and 2, Section 1.4) where the same data were used in
different forms for different purposes. Making neutral, unprocessed data available is an
important part of data openness, which aids in good-faith negotiations. Potentially suspicious
stakeholders may be much more willing to accept data as sufficient if they can access and
manipulate it themselves with different approaches and assumptions. Generally, once data are
mapped, contoured, or plotted, they have already been highly processed in ways that can be
driven by the assumptions of the author. Simple factors such as the color choice in a contour,
what benchmark values are normalized to, etc., can affect the way graphics look, and the
message they convey.

Example 1 shows the impact of processing data. In the first plot, surface sediment Pb data
are contoured in relative terms without being normalized to or put in terms of any bench-
marks. Using two different benchmarks, Effects Range-Low (ER-L) and Effects Range-
Median (ER-M), respectively, the same data are then contoured as color thresholds. By
changing the assumptions or scales by which the data are plotted, the perceived area of
concern changes drastically to potentially just one corner of the site. While the practice of
using the range of detected values as a full-color scale has some validity, it causes even sites
with only relatively low values to have apparent hotspots at whatever points top the scale.
On the other hand, scaling to benchmarks, while flagging exceedances, can blur the distinc-
tions between samples by distorting the scale-either to high or low values. Visual data
presentation is a powerful tool for synthesizing and conveying information. However,
because it does process data in a way that focuses on selected questions or objectives, it
should also be made available in forms that allow others to evaluate it at other levels. If all
stakeholders can access data and subject them to their own benchmarks, criteria, or assump-
tions, then communication and negotiation can be aided. In summary, critical data must be
distilled for presentation to stakeholders, but still be transparent.
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Example 1. Differences in data processing and interpretation:
Pb results contoured (1) without benchmark bias (scaled to the
maximum detected value), (2) by ER-L, and (3) by ER-M. Each
approach provides different, and valid, information, but it is clear
that each provides a different impression of the general "health"
of the site.

2.4 SELECT APPROPRIATE SEDIMENT BENCHMARKS

Whenever one looks at bulk chemical concentrations in sediments, it is important to
compare them to some criterion or benchmark to put the values into perspective. However, a
choice of appropriate benchmarks depends on a definition of the objectives of the work. If the
objective is a determination of the potential risk of a contaminant of potential concern
(COPC) in the sediments, one can compare bulk chemical values to levels that are expected
to be toxic in sediments (e.g., ER-L, ER-M, Threshold Effects Level [TEL], Probable Effects
Level [PEL], and Apparent Effects Thresholds [AETs]). Such values are often termed
Sediment Quality Guidelines (SQGs). The basis, strengths, and weaknesses of SQGs were
summarized in a recent Society of Environmental Toxicology and Chemistry (SETAC)
workshop document (available at http://www.setac.org/pubsws.html). A recent paper
(Chapman et al., 2001) addresses many of the challenges and complexities of this issue. If the
objective is to determine whether, for a given COPC, the sediment examined differs from
other comparable sediments, one can compare bulk chemical values to background, regional,
or reference values, In Example 2, organic COPCs are compared to regional reference value,
ER-L and ER-M. Operable Unit (OU) 2 exceeds all benchmarks for all classes of organic
COPCs shown, and OUI is also very high. This observation suggests that risk will probably
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be not only absolute, but also site-specific, in these units for organic COPCs. The story for
the other units is a bit different. For PAHs and tDDT, OUs 3 through 6 have levels below
regional reference levels (as well as ER-L and ER-M), and thus do not present risk from
those contaminants. PCBs in OUs 3 through 5, on the other hand, have levels below ER-M,
but above ER-L and regional reference levels. Depending on management priorities, the
elevated PCB levels in these OUs (relative to regional values) may cause concern, and may
warrant further risk evaluation. Often, a combination of the above is useful if data may be
used in more than one way. Case Study 1 (Figures 1-1 through 1-3) demonstrates the impact
of applying different criteria in evaluating risk or delineating OUs.

Within a regulatory program, the SQGs used are often clearly laid out or negotiated up
front. If not specified by the regulatory structure, candidate SQGs could be selected and
adapted to suit project objectives. Ultimately, the goal is to identify benchmark values that
are relevant in regulatory and regional terms, but that are also as technically comparable to
data collected within a project. While the benchmarks described above are useful as screen-
ing tools, it is important to remember that bulk sediment COPC concentrations alone are not
enough to make risk decisions. If screening concentrations are exceeded, though, more
detailed examination is probably warranted.
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Example 2. Concentrations of organic contaminants in OU sediments compared
to potential benchmark values.
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CASE STUDY 1: APPLICATION OF VARIOUS SQGS

At this site, Cu, Zn, Pb, and tPCB results were normalized to different sediment quality
guidelines, including a site-specific bioaccumulation factor derived for PCBs. Cumulative
frequency distributions were then plotted to identify natural break points in concentration,
which may indicate different underlying populations or geographical areas. These values
were used for developing spatial plots to aid in delineating potential strata. As shown below,
depending on the decision criteria negotiated, very different volumes of sediment could be
"flagged" as areas of concern. If PCBs are a major concern, and background values are used
as the benchmark (in this case, defined as Ref85 values), a very large area may require
aggressive management. On the other hand, ER-M and site-specific bioavailability models
suggest much smaller areas requiring management.
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. ERM (Cu, Zn, Pb, PCBs)

a 4' ERM (Cu Zn, Pb), SSBoaccum (PCBs)o-

> 0

E

U
0

Figure 1 -1. Cumulative threshold quotient for different sediment quality guidelines.
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